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Models with extended quark sector affect the CP asymmetry in the B ipKs decay, a^Xsi 
in two ways: First, the top-mediated box diagram is not necessarily the only important 
contribution to B — B mixing. Second, the 3x3 CKM matrix is no longer unitary. We 
analyze the constraints that follow from the CDF measurement, a^xs = 0.79to;44, on 
the mixing parameters of extended quark sectors. Most noticeably, we find significant 
constraints on the phase of the relevant flavor changing Z coupling in models with extra 
down quarks in vector-like representations. Further implications for the CP asymmetry in 
semileptonic B decays are discussed. 
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1 Introduction 



The CDF collaboration has reported a preliminary measurement of the CP asymmetry in 
the B ^Ks decay 0: 

a-iPKs = 0.79lo;44, (1) 

where 

(Previous searches have been reported by OPAL and by CDF 0.) Within the Standard 
Model (SM), this value is cleanly interpreted in terms of the angle /3 of the unitarity triangle, 
a^Ks = sin 2/?. In the presence of new physics, this interpretation is modified. 

In a previous work with Barenboim |^, we analyzed the constraints that follow from 
eq. (|l]) on the size and, in particular, the phase of contributions from new physics to 
B — B mixing. There we investigated models in which the only relevant effect is a new, 
significant contribution to B — B mixing. This large class of models includes, for example, 
supersymmetric and left-right symmetric extensions of the SM. In particular, we assumed 
that the b —>■ ccs decay is dominated by the H^-mediated tree-level diagram and that the 
3x3 CKM matrix is unitary. While the first ingredient holds in almost all reasonable 
extensions of the SM, the second holds only in models where the quark sector consists of 
just the three generations of the SM. In this work, we study extensions of the quark sector, 
namely we relax the assumption that the 3x3 CKM matrix is unitary. 

While in ref. the analysis was (within the stated assumptions) model-independent, 
here only the formalism is the same for all models. We introduce this formalism in section 2. 
To get numerical results we have to separately discuss sequential and non- sequential extra 
down quarks. We discuss models with extra down quarks in vector-like representations in 
section 3 and analyze the four generation model in section 4. We summarize our results in 
section 5. 



2 Violation of CKM Unitarity and B- B Mixing 

We consider models where the new physics does not contribute significantly to VT-mediated 
tree level processes. Most well-motivated extensions of the SM belong to this class. The 
SM-dominance of these decays has three relevant consequences: 

(i) The phase of the b — > ccs decay amplitude. Aces, is the CKM phase, arg(V^f,V^*). 

(ii) The absorptive part of the B — B mixing amplitude is not significantly modified by 
the new physics, ~ F^^. 

(iii) The following measurements of CKM parameters are valid in our framework |^: 

\Vud\ = 0.9740 ± 0.0010, \Vcd\ = 0.224 ± 0.016, 

iKsl = 0.2196 ±0.0023, = 1.04 ± 0.16, (3) 

\Vub/Vcb\ = 0.08 ± 0.02, \Vcb\ = 0.0395 ± 0.0017. 
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The ranges in eq. lead to the following bound, which plays a role in our discussion 
below: 



Ru = ttVt ^ 0-47. (4) 

We note that for processes where the SM tree and penguin contributions are comparable, 
such as 6 — * uus decays, the new physics contributions could be significant. This is the 
reason that we do not use the bounds on the angle 7 of the unitarity triangle that follow 
from B — i> ttK decays 0. 

Our investigation concerns models where the 3x3 CKM matrix is not unitary. In 
particular, we are interested in violation of the relation V*^Vub + VcdVcb + ^u^tb = 0. In 
any given model of this class, we can define a quantity Udb such that 

v:aVub + v:,v,, + v:,v,, - u,, = o. (s) 

The physical interpretation of Udb will be model-dependent. However, in all models it gives 
a useful parameterization of both the new physics contribution to B — B mixing and the 
violation of CKM unitarity. In particular, it is convenient to discuss the violation of CKM 
unitarity in terms of the unitarity quadrangle drawn in fig. |I[ 

We find it convenient to define also the following quantity (see fig. ^ for its geometrical 
interpretation): 

Xdb = U2, - Vuv:,. (6) 

We can bound IX^^I through 

l^d^blmin |^dV^fe|max ^ ^ | V^fc | max + |^d^b|max- (7) 

Using eq. (H) we get 

0.004 < \Xdb\ < 0.014. (8) 




VcdVcb 



Figure 1: The unitarity quadrangle. 



2 



The CP asymmetry in B ^ depends on the relative phase between the B — B 
mixing amphtude and the h —>■ ccs decay amphtude. In our framework, neither A^cs nor 
are significantly affected by the new physics. However, the new physics may give significant 
contributions to the dispersive part of the mixing amplitude, M^. The modification of M12 
can be parameterized as follows (see for example §): 

M12 = ry^M^^. (9) 

At present we have two experimental probes of M12. The mass difference between the two 
neutral B mesons, ArriB, is given by 

AmB = 2r',\M!^\, (10) 

so that its experimental value gives: 

7.1 X 10"^ < rd\VtdVtl\ < 10.75 x 10^1 (11) 

The CP asymmetry in B ^ 'ipKs, dipKsy given by 

a^^5 =sin[2(/? + 2^d)], (12) 

so that its experimental value gives: 

• , a \-\ f 0.35 one sigma, 

sm[2(/3 + ^,)]>|Q 95% CL. ^^'^ 

The CDF measurement constrains the combination (3 + 6d through eq. (0). We are 
interested in finding whether the range of the phase 6^ is constrained. We find that this 
is indeed the case in models where the following situation holds: First, there should be an 
independent upper bound on /3, |/3| < /3max- Second, this upper bound should be strong 
enough in the sense that the following inequality holds: 

/5max < ^ farcsin(a^ii-<,) + ^) . (14) 



2 V 2, 
Then, the following limit on sin 26^ holds: 

sin(26'd) > sin(arcsin(a^ii-g) - 2/5max)- (15) 

If CKM unitarity is not violated, then /?max ~ 7r/6, leading to sin2^d > — 0.6(— 0.87) 
at one sigma (95% CL) [Q. If, however, CKM unitarity is violated, then there is no model- 
independent constraint on l^dVJbl and/or P and we cannot constrain or 9d without 
further input. We will constrain and 6^, in the framework of specific models in the next 
two sections. 

The Vd and dd parameters are related also to other physical observables. For instance, 
the CP asymmetry in semileptonic decays, asL, is given by: 
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Since (ri2/Mi2)^^ is real to a good approximation, the effects of new physics within our 
framework can be written as follows (for more details see ref. 0]): 

QSL _ sin 26 d 
(ri2/Mi2)SM ~ rl ■ ^ 

Our analysis allows us to constrain asL within these specific models. 

As mentioned above, the special point about extensions of the quark sector is that 
the violation of CKM unitarity and the new contributions to B — B mixing are related. 
Specifically, if we define 

re"^ = (18) 

then we have, in general, 

ry^^ = 1 + are-'^ - hr^e-^'^. (19) 

The a and h parameters are model-dependent. 

To understand the consequences of eqs. (0) and (|19D , note that eq. (|) gives bounds 

on 

\X,,\ = {l + r^-2rcos(t)f'^\VtdV:,l (20) 
while eq. (|11|) gives bounds on 

rd\VtdVtb\ = (l + 2arcos0-26r2cos20-2afer3cos0 + aV + 6V)^/^|\4rfV^^|. (21) 

The fact that the two constraints have to be satisfied for the same value of |V^tdVJb| niay 
exclude regions in the (0, r) plane. 



3 Extra SU(2)-Singlet Down Quarks 

We consider a model with extra down quarks in a vector-like representation of the SM gauge 
group, GsM = SU (3)c x SU{2) lxU (l)y . In addition to the three quark generations, each 
consisting of the three representations 

QLi(3,2)+i/6, Mffi(3, l)+2/3, c/ffi(3, l)_i/3, (i = 1,2,3), (22) 
we have the following vector-like representation: 

d4(3,l)-l/3 + J4(3,l)+l/3. (23) 

Such quark representations appear, for example, in Eq GUTs. 

The most important feature of this model to our purposes is that it allows for flavor 
changing ZJfo-couplings (for details see refs. |9[|-[|15[]): 

jOzdb = \ UdbZ^da^L + h.c. (24) 
2 cos Ow 
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The Udb mixing parameter in eq. (24) is the same parameter defined in eq. which 
signifies violation of CKM unitarity. It allows Z-mediated tree level contributions to fiavor 
changing neutral current processes such as i? — > fi~^iJ,~Xd- The experimental bound on the 
rate of this decay gives (see e.g. |T6[ and references therein): 



\Udb/Vcb\ < 0.04 



U,h\ < 0.0016. 



(25) 



Putting the bound on \Udb\ of eq. (^5|) and the values of the CKM parameters of eq. (H) 
into 

max max max; 

(26) 

we get 



2.7 X 10"^ < \VtdV^l\ < 1.6 X 10'^ 
Using eqs. (^) and (|ll]), we can constrain Vd- 

0.44 <rrf< 4.1. 

Putting eqs. (p5|) and (^ into 





max ~l~ 


Udb 


max 






mill 



I sm(3\ < 

we get 

Using eqs. (^) and (|13D, we can constrain 9d 



(Ru) 



3 

Pmax ~ „ • 

y 



+ 



Vr 



cd I mill 



db 



cb 



• oz3 ^ J -0.88 one sigma, 
^ -0.99 95% CL. 



(27) 
(28) 

(29) 
(30) 

(31) 



In the derivation of ([28| ) and ([31|), we have not used the correlation between violation of 
CKM unitarity and contribution to B — B mixing. To do so, we note that the Udb coupling 



of eq. (p^) allows a Z-mediated tree diagram contribution to B — B mixing. It is possible 
to parameterize the new contributions to M12 as in eq. ([19D |T5| , \Vl\ , [l8| , with 



4C(xi) 



An sin^ 9 



w 



E{xt) aE{xt) 
Here Xt = {nit/MwY ^^'^ C{xt) and E{xt) are the Inami-Lim functions ||19|| : 



(32) 



E{xt) 
Cixt) 



—Axt + llxf — xf^ 3xf\nxt 
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4(1 -xO^ 



A — Xt ^ 3xt In Xt 



2(1 -Xt] 



1-Xt (1 - Xt) 



(33) 
(34) 
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An explicit calculation [17| gives a = —3.3 and b = —160. 

We now relate all of our constraints to the (0, r) parameters by performing the following 
procedure. We scan the — r parameter space. For each (0, r) pair we calculate and 9^ 
through eq. ( ]I9| ) and iXdb/ iVtdV^Dl through eq. (^). We check whether there exist values 
of iVfdl^bl that are consistent with all the constraints in eqs. (|), ([TT|) , (|18D and (|25|) . Note 
that at this stage we do not yet incorporate the a^Ks constraint. The allowed region is 
displayed in fig. ^(a) . The upper bound on r is a result of inconsistency between the upper 
bound of eq. ([TTl) and the lower bound of eq. (||). The small excluded regions at cos0 ~ 
correspond to r ^ where is too small. 

Next we incorporate the constraint from a^Ks- Fo^' each pair of values {4>,r), we calcu- 
late /3max- 



r sm I 



arcsm 



(1 - 2rcos0 + r2)i/2 



arccos 







Xdb\ 


2 _ 




2 




\Xdb 





(35) 

If the condition in eq. (|I4|) holds (and rcos0 < 1), we exclude (0, r) pairs that violate the 
bound in eq. (plsl). The allowed parameter space is displayed in fig. @(&). 
Our numerical scan gives, at the one sigma level: 



0.8 < sin2^^d <1, 
0.5 < Td < 3.2. 



(36) 
(37) 



For the semileptonic asymmetry we find (see eq. (|T3))- 

asL 



- 4.0 < - 

4 A Fourth Generation 



< 1.4. 



(3^ 



The second model we consider is the SM with a fourth sequential generation. Here the 
quark content is as given in eq. (^) with i = 1,2, 3, 4. A fourth generation by itself is now 
excluded by electroweak precision data However, if there is new physics in addition 
to a fourth generation, such that the electroweak precision data constraints are relaxed 
but Mi2 is not affected by this extra new physics, then our analysis below applies. The 
analysis in this section applies also to a model in which extra up quarks in a vector-like 
representation. 



^4(3, l)+2/3 + ^4(3,1) 



-2/3, 



are added to the SM three generations 
Within these models, 

Udb = —Vt'd^t'b 
From unitarity of the 4x4 matrix, we have j^U], 

mvtbl < 0.1 



Ud.b\ < 0.1. 



(39) 



(40) 



(41) 
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(a) 




Figure 2: SU(2)-singlet down quarks, (a) The Am^ constraint. The dark region is allowed. 
(6) The combination of the Am^ and a^Ks constraints. The dark (light plus dark) grey 
region is the allowed region corresponding to the one sigma (95% CL) bound, a^Ks ^ 
0.35 (0). 



The reasonable agreement of the most recent data on = T{Z hh)/T{Z — > hadrons) 
and the expectation of the three generation SM implies that 



l^m' + \VM'[ — ) . (42) 
For mt' = 500 GeV, eq. (|4|) leads to 

\Udb\< 0.03. (43) 



In our analysis, we use the bound (^3]). 

The analysis goes along similar lines to that of the previous section. However, the fact 
that eq. (|^) gives |?7df,|max > iK^KfeUin means that we can put neither a meaningful lower 



bound on iV^dV^^I nor a meaningful upper bound on | sin/?|. Instead of (|27|) , we now have 



\VuV*\ < 0.044, (44) 
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and, consequently, eq. ([T^) gives only a lower bound on r^: 



rd >0.16. 



(45) 



As concerns sin 29di we get no bounds. 

Next, we want to incorporate the relation between violation of CKM unitarity and new 
contributions to B — B mixing. In the four generation model, the new contributions to 
B — B mixing come from box diagrams involving t' quarks. These contributions can again 
be parameterized as in eq. (|TPp [^, with 



' E{xt) 



EM 



(46) 



E{xt',xt) 



-XfXt 



1 



1 



1 



1 



Xt,-Xt\A 2{xt'-l) A{xt'-l)\ 
3 1 

xt) - 



In Xf 



A{xt>-l){xt-l) 



(47) 



and E{x) defined in eq. (|33|) . Taking rrit 
find: 

-4 < a < - 2, 



170 GeV and 180 GeV < mf < 500 GeV, we 



-5.5 <b< - 1. 



(4^ 



Below we display only the results of a numerical analysis for the case m^/ = 500 GeV for 
which the effects are most significant. In this case: a ~ —3.8 and b ~ —5.4. The allowed 
region without the a^/^g constraint is given in fig. ^(a). We only display the r < 1 region 
since the a^Ks constraint will have no effect for r > 1. The excluded region around = 
is a result of inconsistency between the upper bound of eq. (|TT]) and the lower bound of 
eq. (H). The small excluded regions at r ^ 0.4 correspond to values that are too small. 
Note that can be very large in this model, corresponding to a nearly vanishing l^dV^^I 
and, consequently, nearly vanishing Mf^. Incorporating the a^xs constraint, we find that 
the new CDF measurement does not place significant new constraints on the parameter 
space of the four generation model. This is particularly true for a t'-mass that is not much 
higher than m^. The allowed region is displayed in fig. 1^(6). 

Our numerical scan gives 

Td > 0.33, (49) 
and no bounds on sin 26d- For the semileptonic asymmetry, we get 



- 9.0 < 



SM 



< 6.1. 



(50) 



5 Conclusions 

In a previous work with Barenboim we used the new CDF measurement of the CP 
asymmetry in B ipKs to derive the first constraint on the phase of new physics contri- 
butions to B — B mixing. We have done so in the framework of models where the CKM 
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Figure 3: Four generations, m^/ = 500 GeV^. The dark region is allowed, (a) The Atub 
constraint. (6) The combination of the Am^ and a^^s sigma constraints. 

matrix is unitary. In this work we have shown that significant constraints apply also in 
extensions of the quark sector, where the 3x3 CKM matrix is not unitary. The main 
reason that makes this possible is that a single complex parameter (Udb) characterizes both 
the violation of CKM unitarity and the new contributions to B — B mixing. Therefore, the 
number of relevant new parameters is effectively the same as in models where the CKM 
matrix is unitary. In either case, the measurement of a^Xs gives the first constraint on 
the phase 29d = arg(Mi2/Mf^). Specifically, whenever we can put an upper bound on \P\ 
that is lower than | (^arcsin (a^i^^) + f), it follows that there is a lower bound on sin26'rf. 

Our most significant results concern models with extra SU(2)-singlet down quarks. The 
constraints on the relevant mixing parameters are displayed in fig. ^(6). In particular, the 
measurement of a^Xs gives sm29d > —0.8. This phase is related to the phase of Udb which, 
in this framework, parametrizes the fiavor changing Zdb coupling. The bound on sm26d 
together with constraints from Am^ give bounds on the CP asymmetry in semileptonic B 
decays, —1.4 x 10^^ < osl ^ 4.0 x 10^^. Weaker constraints apply to the four generation 
model and to models with extra up quarks in vector-like representations. 
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